The effects of signal perturbation on expression domains of molecular markers for the mesoderm and ectoderm have been analysed across the dorso-ventral axis in zebrafish embryos. Injection of RNA encoding bone morphogenetic protein-4 (BMP-4) ventralised the embryo, expanding the intermediate mesoderm and non-neural ectoderm at the expense of the dorso-anterior mesoderm and neural plate. A dose-dependent response was observed both morphologically and in expression of gta3, MyoD and pax2. Conversely, increases in dorso-anterior mesoderm and neurectoderm were generated by injection of RNA encoding either a dominant-negative BMP receptor (DBMPR) or noggin, as demonstrated by goosecoid and pax2 expression. Ventral BMP-4 expression was also inhibited. Thus, patterning of both the mesoderm and the ectoderm during gastrulation appears to depend, directly or indirectly, on the level of BMP activity. Consistent with their locations prior to formation of the neural tube, elevated BMP-4 increased the number of dorsal spinal cord neurons whilst sonic hedgehog and islet1 expression in the ventral spinal cord were reduced. However, the ectopic neurons were not positioned more ventrally, implicating a prepattern in the dorsal neural tube that is independent of the ventral central nervous system. © 1997 Elsevier Science Ireland Ltd.
Introduction
Embryological studies have suggested that BMP-4 is a candidate signalling molecule which ventralises the mesoderm and ectoderm in vertebrates. In Xenopus, BMP-4 mRNA is present maternally and its expression is upregulated from the mid-blastula transition (Dale et al., 1992) , whereupon expression is excluded from the dorsal lip and localised to the ventral side during gastrulation (Fainsod et al., 1994; Schmidt et al., 1995) . The requirement for BMP-4 during gastrulation has been demonstrated in mice in which the BMP-4 and type-I BMP receptor genes have been functionally mutated by homologous recombination (Mishina et al., 1995; Winnier et al., 1995) . Both mutations result in the formation of little or no mesoderm, and the BMP-4 mutant also has posterior abnormalities. Additionally, the use of a dominant-negative receptor to inhibit the BMP signalling pathway has resulted in cells which are normally fated to become ventral adopting a more dorsal phenotype (Graff et al., 1994; Maéno et al., 1994; Suzuki et al., 1994) . In contrast, overexpression of BMP-4 RNA ventralises the Xenopus embryo, inhibiting the formation of anterior structures and increasing expression of ventral genes (Dale et al., 1992; Jones et al., 1992; Schmidt et al., 1995) . Also, animal cap assays have demonstrated that BMP-4 is capable of overriding an activin signal in culture (Köster et al., 1991; Dale et al., 1992; Jones et al., 1992) and overexpression of BMP-4 in embryos is capable of rescuing the dorsalising effect of lithium treatment (Fainsod et al., 1994) .
The vertebrate BMP-4 gene is closely related to the Drosophila gene decapentaplegic (dpp; Padgett et al., 1987) and both are members of the decapentaplegic-Vgrelated (DVR) gene family, a subset of the TGF-b superfamily. As with expression of BMP-4 in vertebrates, dpp expression and activity is confined to the region furthest from the site of gastrulation and presumptive neurogenic ectoderm, which in Drosophila is the dorsal epidermis . Embryos mutant for dpp during gastrulation are ventralised, lacking the dorsal epidermis (Irish and Gelbart, 1987) . Because cell types along the dorso-ventral axis respond to different levels of Dpp activity it appears to be acting as an extracellular morphogen antagonising the activity of ventral molecules such as short gastrulation (Sog; Ferguson and Anderson, 1992a,b; François et al., 1994) , which is the homologue of the Xenopus molecule Chordin (Chd; François and Bier, 1995) . Although BMP-4 and Dpp can substitute for each other's activity (Padgett et al., 1993; Holley et al., 1995) it is still not clear whether in the vertebrate, BMP-4 can pattern cell types along the dorso-ventral axis in the same graded manner in vivo as Dpp in Drosophila.
In contrast to BMP-4, the expression profile and analysis of noggin function has suggested a role in dorsal patterning in Xenopus (Smith and Harland, 1992) and development of the mouse . Although it has not yet been described in the zebrafish, recent data show that the injection of RNA encoding Xenopus noggin can rescue ventralising mutations (Hammerschmidt et al., 1996) . In Xenopus, this secreted protein is expressed maternally and the mRNA becomes localised to the presumptive dorsal region before the onset of gastrulation, reaching its highest levels in the dorsal lip, the Spemann organiser. Noggin also dorsalises the mesoderm of ventral gastrula explants in vitro but is unable to induce mesoderm per se (Cunliffe and Smith, 1994) . However, noggin does satisfy the criteria of a primary neural inducer (Lamb et al., 1993; Cunliffe and Smith, 1994) . The overexpression phenotype (Smith and Harland, 1992) and in vitro assays for molecular markers have suggested that noggin is involved in anterior neural specification (Lamb et al., 1993) , whereas FGF (Griffin et al., 1995; Lamb and Harland, 1995) and Wnt signalling (McGrew et al., 1995) posteriorise neural tissue. Experiments with explants in culture have indicated that the extent to which dorsally derived signals can act is regulated by signals such as BMP-4 (Re'em-Kalma et al., 1995) .
Unlike neural induction, little is known about the process by which non-neural ectoderm is induced and how the neural/non-neural ectodermal boundary is generated. It appears from explant experiments that neural induction requires the absence of a BMP signal since overexpression of BMP-4 can lead to the loss of neural gene expression and induction of non-neural ectoderm markers (Hawley et al., 1995; Schmidt et al., 1995; Wilson and Hemmati-Brivanlou, 1995) . In the gastrula, the epiblast is initially patterned into two regions, the neural and non-neural ectoderm; by the end of gastrulation the ectoderm is specified into neural, neural crest, placodal and non-neural cell types. Induction of neural crest and placodal tissue requires the interface between neural and non-neural ectoderm Jacobson, 1989, 1990; Dickinson et al., 1995) via a combination of signals (Zhang and Jacobson, 1993; Mayor et al., 1995) . In the normal embryo BMP-4 and -7 genes are expressed by cells at the edge of the neural plate and are likely to influence the differentiation of the neural/non-neural boundary and lateral neural plate (Liem et al., 1995) .
Previous analyses of noggin and BMP-4 have relied heavily on the use of RNA extraction to quantitate effects on gene expression. Spatial analysis of gene expression has been carried out on whole embryos but without varying the level of BMP-4 RNA injected. Consequently, although these studies have implied the existence of a gradient of BMP activity, a graded response in gene expression has not been demonstrated in intact embryos. Furthermore, the use of pax2, dlx3 and gta-3 as molecular markers for neural, placodal and non-neural ectoderm has facilitated such a study in ectoderm as well as in mesoderm. We have modulated BMP activity by injecting RNAs encoding BMP-4, a dominant-negative BMP receptor (DBMPR) or noggin into zebrafish embryos and monitored molecular markers for both germ layers along the dorso-ventral axis during gastrulation. Results suggest that the level of BMP activity is a major determinant of cell fate across the dorso-ventral axis in the mesoderm and ectoderm during gastrulation. BMP-4 also alters the number but not the location of neurons born in the lateral neural plate, suggesting a distinct mode of action there.
Results
Firstly, we describe the gross phenotype of injected embryos at the 20-22 somite stage of development. The following sections detail the response of various markers expressed along the dorso-ventral axis of the mesoderm and ectoderm.
Overexpression of noggin and a dominant-negative BMP receptor (DBMPR) generate opposite phenotypes to BMP-4
We analysed the effects of injecting RNA encoding BMP-4, a DBMPR and noggin on establishing dorso-anterior and ventro-posterior polarity within the zebrafish embryo (Tables 1 and 2 ). In comparison to non-injected embryos (Fig. 1A) , those injected with noggin or DBMPR were dorsalised by the 20 somite stage of development. The phenotypes of injecting five concentrations of noggin RNA (Table 1) were classified as either 'dorsalised I' (Fig.  1B) , where the posterior structures were truncated, or 'dorsalised II' (Fig. 1C) , the second more severe phenotype consisting of an enlarged anterior structure including an abnormal brain, similar to the Xenopus phenotype (Smith and Harland, 1992) . Injection of DBMPR interfered with BMP signalling, reducing the formation of posterior structures ( Fig. 1D ) similar to the 'dorsalised I' phenotype (Fig.  1B) . The severity of posterior truncations varied, presumably due to the mosaic distribution of the DBMPR protein; the most extreme embryos produced streams of cells around the yolk, probably due to a disruption of gastrulation.
Increasing the amounts of BMP-4 RNA injected progressively ventralised the embryos in a dose-dependent manner ( Fig. 1E-H ; Table 1 ). The lowest amounts of BMP-4 RNA resulted in 'ventralised I' embryos, which lacked head and notochord structures. The somites were fused across the midline and lost their characteristic chevron morphology (cf. Fig. 1A ,E). 'Ventralised II' embryos lacked head and notochord and also the yolk extension failed to form (Fig. 1F) . 'Ventralised III' embryos were observed on injection of high amounts of BMP-4 RNA, with embryos resembling a 'spinning top' (Fig. 1G ). In such embryos most tissue was at either end of the yolk; sometimes somitic tissue constricted the yolk at one end. 'Ventralised IV' was the most extreme class; embryos failed to gastrulate normally and cells appeared to migrate to the animal pole as epiboly was disrupted (Fig.  1H ). Although the tissues appeared undifferentiated, blocks of somites were occasionally observed. The molecular analysis was performed using an intermediate amount, 70 pg, of BMP-4 or noggin RNA (Table 1) . DBMPR RNA as well as a higher level of BMP-4 was tested at 220 pg.
Controls
In this study we analysed the effects of RNA injection and compared them to non-injected embryos as controls. The effects of injecting RNAs encoding a non-functional FGF receptor, d50 (Amaya et al., 1991) or b-galactosidase were also tested. Control RNAs generated normal embryos compared with non-injected, when analysed at the segmentation stage of development (Table 2 ). Due to their morphology and expression of gta3 or dlx3 (discussed below) we considered the development of these embryos to be unaffected by the control RNAs. Any abnormal embryos were consistent with injection trauma. Table 2 Percentages of dorsalised or ventralised embryos used for experimental analysis (Amaya et al., 1991) .
Patterning of the dorso-anterior mesoderm by noggin and BMP
The effects on early dorso-anterior markers, goosecoid (gsc; Stachel et al., 1993) and no tail (ntl; Schulte-Merker et al., 1992) of BMP-4, DBMPR and noggin injection reflect the phenotypes seen at the 20 somite stage. Injection of 70 pg of BMP-4 RNA which generated the mild ventralised phenotype ('ventralised I') was compared with embryos injected with the same amount of noggin RNA. At 50% epiboly, the beginning of gastrulation, gsc expression in BMP-4-injected embryos was indistinguishable from normal embryos in 84% (n = 99) of cases. However, an effect of BMP-4 on gsc expression was obvious by 65-70% epiboly, mid gastrula, where the number of injected embryos exhibiting normal expression had decreased to 18% (n = 33). In 58% of the cases gsc-expressing cells were totally absent ( Fig. 2A,B ). Injection of a DBMPR resulted in an opposite effect to overexpression of BMP-4. At mid gastrulation the normal gsc expression in the hypoblast was evident as it migrated anteriorly but in 88% (n = 50) of injected embryos, ectopic patches of gsc expression were variably located (Fig. 2C ). Overexpression of noggin did not generate ectopic gsc expression on the ventral side but appeared to increase gsc expression on the dorsal side in 58% (n = 63) of the cases (Fig. 2D) .
The opposite effects of BMP and noggin in the anterior hypoblast were also exhibited in the development of the notochord. By the end of gastrulation, the ntl gene is normally strongly expressed around the germ ring in the nascent mesendoderm and in a rod of cells which are fated to become notochord (Fig. 2E ). Overexpression of BMP-4 results in a loss of ntl expression in the midline by late gastrula in 71% (n = 14) of the cases (Fig. 2F ). The normal dorsal axis cannot be identified in BMP-4-injected embryos. Although ntl expression is lost from the midline its expression in the germ ring appeared expanded in comparison with non-injected embryos (cf. Fig. 2E ,F). Injection of DBMPR resulted in cells adjacent to the notochord expressing ntl, enlarging the midline of the embryo in 70% (n = 20) of the cases (Fig. 2G ). Some regions of the germ ring did not express ntl, suggesting a reduction in cells specified to become mesendoderm. Interfering with BMP signalling generated a similar result to that of overexpression of noggin, whereby cells more laterally were recruited to express ntl in 75% (n = 51) of the cases (Fig. 2H) .
Increased levels of BMP-4 promote a more ventroposterior phenotype in the mesoderm
Having demonstrated the opposite effects of BMP-4 and noggin in patterning the dorso-anterior mesoderm in the intact embryo, we analysed the effects on the somitic and intermediate mesoderm and whether a graded response to BMP signalling existed. In the somitic mesoderm at the 3-6 somite stage, we analysed MyoD expression, which is initially expressed in the adaxial cells, located adjacent to the notochord, before being expressed more laterally in the differentiating somite (Weinberg et al., 1996) . On injection of 70 pg of BMP-4 these two rows of MyoD expres- sion coalesced to the midline (cf. Fig. 3A ,B) consistent with the loss of a notochord. Injection of 220 pg of BMP-4 RNA resulted in reduced MyoD expression, loss of adaxial cells and fusion of somite across the midline along the antero-posterior axis (Fig. 3C) . Injection of noggin resulted in MyoD expression being restricted to tissue which was present near the tail; expression did not extend along the axis of the embryo (Fig. 3D) .
Increasing the amounts of BMP-4 RNA also expanded pronephric mesoderm as revealed by pax2 expression in the pronephric duct. In the normal embryo, pax2 is expressed in cells of the intermediate mesoderm, which will form kidney (Krauss et al., 1991) , which underlies the neural/non-neural boundary at the 3-6 somite stage (Fig. 3E) . BMP-4 injection (70 pg) resulted in increased expression of pax2 in the intermediate mesoderm, broadening the lateral bands which also extended further anterior in comparison to non-injected embryos (Fig. 3F) . Increasing the amounts of BMP-4 RNA (220 pg) still further generated a mass of pax2 expression in the ventro-posterior region of the embryo (Fig. 3G) . Conversely, noggin-injected embryos exhibited a severe reduction in pax2 expression in the intermediate mesoderm. Embryos dorsalised by injection of noggin RNA had a dramatic elongated oval shape by the early stages of somitogenesis. In these embryos pax2 expression was reduced in the intermediate mesoderm, with complete loss of the pronephric duct in 93% of cases (n = 14, Fig. 3H ), whereas the midbrain/hindbrain expression domain was still present (discussed below).
Opposite effects of BMP and noggin in the ectoderm
As the mesoderm and ectoderm are both patterned throughout gastrulation we assessed whether the opposite effects of BMP and noggin in the mesoderm were also evident within the ectoderm to determine if there is any coordination. At late gastrula, we analysed the effects on expression of gta3, which is normally expressed ventrally, in the non-neural ectoderm (Fig. 4A,E) (Neave et al., 1995) and dlx3, which is strongly expressed in cells around the edge of the neural plate giving rise to placodal structures (Akimenko et al., 1994) . Injection of BMP-4 (70 pg) did not dramatically affect the domain of gta3 expression, although expression did extend into a more medial position of the neural plate in the region of the head structures (Fig. 4B) . The distance between the anterior non-neural ectoderm expressing gta3 and pax2 in the midbrain/hindbrain was reduced in these embryos (data not shown). However, the level of gta3 expression appeared higher in embryos injected with BMP-4 compared with non-injected embryos processed at the same time under the same in situ hybridisation conditions. The requirement for a BMP signal to maintain gta3 expression in the non-neural ectoderm was demonstrated by using the DBMPR. In these embryos gta3 expression in the non-neural ectoderm was severely reduced or lost (Fig. 4C) , a phenotype similar to noggin injection where gta3 expression was abolished (Fig. 4D) . Injection of higher levels (220 pg) of BMP-4 RNA dramatically increased the gta3 expression region in 24% of the cases (n = 71), reducing the size of the neural plate (Fig.  4F,G) . Unexpectedly, at this high level of BMP-4 RNA 68% of embryos had a reduced gta3 expression domain. Normally, gta3 is not expressed in the germ ring which expresses ntl and caudal1 (cad1; Joly et al., 1992) . Upon injection of 220 pg BMP-4 RNA, 79% (n = 112) of ntland 95% (n = 22) of cad1-stained embryos demonstrated ectopic expression within cells of the animal cap at mid to late gastrulation (data not shown). Therefore, these embryos were ectopically expressing a presumptive mesendodermal and posterior marker in the animal cap (see Section 3).
The BMP and noggin effects on the non-neural ectoderm were also seen in the formation of the placode at the neural/non-neural boundary. Overexpression of BMP-4 extended dlx3 expression more anteriorly by late gastrulation (cf. Fig. 4H,I ). Inhibiting normal BMPR function resulted in dlx3 expression being reduced, and sometimes lost, with the neural/non-neural boundary located more ventrally (Fig. 4J) . A more extreme phenotype was seen from noggin overexpression where dlx3 expression was absent (Fig. 4K) . To ascertain the identity of the ectoderm in noggin-injected embryos we analysed neural pax2 expression, normally localised to the presumptive midbrain/hindbrain boundary (Fig. 4L) . Injection of noggin resulted in the loss of gta3 expression and pax2 expression extended around the ventral side (Fig. 4M ) indicating that the ectoderm had been completely neuralised.
Noggin activity inhibits zBMP-4 expression
To further investigate the mechanism of dorso-ventral signalling in vivo we examined the effects of injection of noggin RNA on expression of the zebrafish BMP-4 homologue, zBMP-4 (Nikaido et al., 1997) . At late gastrula zBMP-4 is expressed ventrally, and also in the anterior mesoderm (Fig. 5A) . Injection of zBMP-4 RNA ventralises the zebrafish embryo (Nikaido et al., 1997) . Injection of noggin RNA dorsalised the embryo resulting in the reduction or loss of ventral zBMP-4 expression in 79% of the cases (n = 81); 60% lacked all ventral expression (Fig.  5B) . In contrast to the ventral domain, expression of zBMP-4 in the anterior mesoderm was not affected, suggesting that the two domains are regulated independently.
BMP-4 patterning of the neurectoderm
The Rohon Beard neurons are born at the lateral edge of the neural plate, near the neural/non-neural boundary which we and others have shown is sensitive to the levels of BMP-4. During neurulation the neural primordium develops into a neural keel by epithelial infolding and this convergence results in a cylindrical neural tube, whereby medial becomes ventral and lateral becomes dorsal (Papan and Campos-Ortega, 1994) . Because BMP-4 activity has been implicated in dorso-ventral patterning of the neural tube (Liem et al., 1995) as well as in the gastrula, we examined the effect of BMP-4 overexpression on the earliest neuronal differentiation in the neural plate. At the 3-5 somites stage, islet1 (isl1; Inoue et al., 1994) expression is observed in the presumptive trigeminal ganglia and Rohon Beard neurons, which arise at the lateral edge of the neural plate. At this stage isl1 is also expressed in the pillow, a mesodermal structure underlying the forebrain, which is reduced or missing in BMP-4-injected embryos. We counted the number of cells expressing isl1 in the trigeminal ganglia and Rohon Beard neurons in embryos where the pillow was reduced yet the trigeminal ganglia were separate, identifiable structures. In BMP-4-injected embryos, the position of isl1-expressing cells in the trigeminal ganglia was normal with respect to the midbrain/hindbrain boundary labelled by pax2 (cf. Fig. 6A,B) ; however, there was an average of 20.7 ± 4.7 (mean ± SD) isl1-positive cells per ganglion compared with 15.1 ± 2.8 at the 3-5 somite stage in control embryos. Therefore, overexpression of BMP-4 significantly increased the numbers of isl1-expressing cells in trigeminal ganglia (P = 0.01, two-tailed t-test, n = 12). Along the lateral edge of the neural plate the number of presumptive Rohon Beard neurons expressing isl1 had increased from 24.3 ± 5.8 cells per side to 36.1 ± 7.0 in BMP-4-injected embryos. Despite this significant increase in their number (P = 0.001, two-tailed t-test, n = 12), the presumptive Rohon Beard neurons were still localised to the distinct lateral columns of cells of the neural plate, which become the dorsal spinal neurons by the end of neurulation (Fig. 6B) . Injection of BMP-4 RNA affected the development of the ventral as well as the dorsal neural tube. We analysed the ventral character of the spinal cord by assessing isl1 expression in motor neurons and sonic hedgehog (shh) in the floor plate at the 20 somite stage. shh is normally expressed in the floor plate, when expression in the notochord has receded to the developing tail (Fig. 6C) (Krauss et al., 1993) . Injection of BMP-4 reduced shh expression in the floor plate down to small patches, and in some cases total absence (Fig. 6D) . As the midline has a role in patterning the ventral spinal cord (reviewed in Placzek, 1995) we analysed the correlation between the ventral midline structures and the presence of the motor neurons in BMP-4-injected embryos. At the 24 somite stage, isl1 is expressed in the MiP and RoP primary motor neurons near the hemisegment boundary (Inoue et al., 1994; Appel et al., 1995) . Overexpression of BMP-4 reduced the number of isl1-positive motor neurons compared with uninjected embryos (cf. Fig. 6E,F) .
Discussion
From this combined morphological and molecular analysis of the zebrafish embryo, we conclude that mesoderm and ectoderm are patterned dorso-ventrally in a similar fashion during gastrulation. Overexpression of BMP-4 ventralises both germ layers while inhibition of BMP signalling by expression of either noggin or DBMPR dorsalises them. Very recently, zBMP-4 has been cloned and, consistent with our data, ventralises zebrafish embryos (Nikaido et al, 1997) . Also consistent with our results, Xenopus noggin has recently been shown to rescue ventralising mutations in the zebrafish (Hammerschmidt et al., 1996) . In our experiments, increasing the level of BMP-4 led to progressively more ventralised phenotypes, as evidenced by expanded expression domains for gta3, MyoD and pax2. Whether this dose-dependent effect is direct or results from secondary signalling cannot be determined from this study. Nevertheless, our molecular analysis, together with observations of gross morphology made in both zebrafish (this study) and Xenopus (Dale et al., 1992; Schmidt et al., 1995) , are consistent with the idea that a gradient of BMP activity is responsible for patterning the dorso-ventral axis during gastrulation (see Fig. 7 , described in more detail below).
The loss of ventral structures, markers of ventral differentiation and BMP-4 expression in the intact zebrafish embryo by noggin injection supports observations made with mesoderm explants in Xenopus (Re'em- Kalma et al., 1995) . The fact that overexpression of noggin or DBMPR generated a similar result, which is opposite to BMP-4 injection, is consistent with noggin acting in the zebrafish embryo as an antagonist of BMP signalling (Zimmerman et al., 1996) . In BMP-4-injected embryos initial activation of gsc was not prevented, consistent with the quantitative analysis of Hogan et al. (1994) and Jones et al. (1996) , but the subsequent disruption of gsc and ntl during gastrulation suggests that in the normal embryo BMP function represses dorsal gene expression and is required during patterning of the gastrula, but not before.
Reciprocal effects of noggin and BMP-4 are consistent with their expression domains as reported to date (Smith and Harland, 1992; Fainsod et al., 1994; Schmidt et al., 1995; Nikaido et al., 1997) , whereby BMP-4 is progressively excluded from the dorsal side during gastrulation. BMP-4 can reduce noggin expression in Xenopus embryos and the dorsalisation of ventral marginal zone explants by noggin protein decreases BMP-4 expression (Re'em- Kalma et al., 1995; Jones et al., 1996) . The fact that noggin and BMP-4 proteins interact directly to inactivate BMP signalling (Zimmerman et al., 1996) and in the zebrafish embryo injection of noggin RNA ablates ventral zBMP-4 expression (Fig. 5B) suggest a positive autoregulatory loop for BMP-4: inactivation of BMP-4 signalling by noggin (Zimmerman et al., 1996) prevents expression of genes requiring BMP-4 activity including zBMP-4 and leads to loss of ventral character. Consistent with an autoactivation mechanism, injection of human BMP4 RNA into Xenopus embryos increased the level of Xenopus BMP4 RNA (Jones et al., 1992) . At present, noggin has been reported in Xenopus laevis, mouse and human (Smith and Harland, 1992; McMahon et al., 1995; Valenzuela et al., 1995) but the zebrafish homologue has yet to be described. However, overexpression of Xenopus noggin in zebrafish has very recently been reported to phenocopy the dorsalised mutant swirl and to rescue a ventralised mutant dino (Hammerschmidt et al., 1996) . Whether these results and our own reflect endogenous zebrafish noggin function or activity of other proteins remains to be clarified.
The dose-dependent effects of BMP seen in the mesoderm were also seen in the ectoderm as analysed by expression of gta3, dlx3 and pax2. Wilson and HemmatiBrivanlou (1995) demonstrated that BMP-4 is responsible for the differentiation in culture of Xenopus animal caps into epidermis (non-neural ectoderm). Our results in the intact embryo show that the non-neural (both presumptive epidermis and placodal) ectoderm requires BMP signalling and that increasing amounts of BMP-4 RNA reduced the area of the neural plate. Inhibition of neural expression by BMP signalling has also been seen in Xenopus experiments, although only one level of signalling was tested (Hawley et al., 1995; Schmidt et al., 1995) . In our experiments, the highest amounts of BMP-4 led to loss of gta3 expression in some embryos. This was presumably due to mesoderm induction, as indicated by ectopic ntl expression, throughout the blastula, a result which has been seen in animal cap analysis (Jones et al., 1992; Wilson and Hemmati-Brivanlou, 1995) . Alternatively, reduced gta3 expression may have been due to posteriorisation as evidenced by upregulation in our experiments of cad1 expres-sion and, in the case of Xenopus embryos, of Xhox3 (Dale et al., 1992; Jones et al., 1992) . Certainly the potent neuralising activity of noggin (Lamb et al., 1993) was seen in the zebrafish embryo where the non-neural ectoderm was completely neuralised, with concomitant down-regulation of BMP-4 transcription.
A model for BMP activity in the mesoderm and ectoderm
A model for dorso-ventral patterning in zebrafish mesoderm and ectoderm based on the antagonistic activities of a dorsal influence mimicked by Xenopus noggin and BMP-4 is presented in Fig. 7 (left is ventral and right is dorsal). The dynamic expression of BMP-4 (lines labelled 'blast', 'early gast' and 'late gast', Fig. 7 top) suggests three phases to the dorso-ventral patterning process involving BMP-4 and the dorsal signal (slope from the right). Initially at blastula stages ('blast'), ubiquitous expression of BMP-4 means that if mesoderm induction or gastrulation does not commence the cells will develop into epidermis, as seen in Xenopus. Secondly, dorsalising factors such as noggin inhibit the activity of BMP-4 in the most dorsal tissues and its expression withdraws to the edge of the neural plate during gastrulation. Finally, by the end of gastrulation ('late gast'), the most dorsal mesoderm has become patterned (into head [H] (Fainsod et al., 1994; Schmidt et al., 1995; Nikaido et al., 1997) . Upon injection of increasing levels of BMP-4 RNA (+ and ++), the titration of dorsal molecules such as noggin is increased, resulting in the gradual loss of more dorso-anterior tissues (head and notochord then adaxial cells) with a concomitant expansion of ventro-lateral tissues (somite, pronephric duct, blood and non-neural ectoderm). Injection of noggin or DBMPR had the opposite effect in preventing the formation of tissues promoted by BMP signalling (blood, pronephric duct and non-neural ectoderm). Thus, both germ layers respond in a similar fashion as the effective level of BMP activity changes. The shift in the location of dlx3-positive cells as the neurectoderm contracted or expanded in response to the elevation or inhibition of BMP signalling supports the view that placodal tissues form at the interface between neural and non-neural ectoderm Jacobson, 1989, 1990; Dickinson et al., 1995) . In conclusion, it appears that the graded activity of BMP signalling, partly regulated by antagonistic molecules such as noggin, establishes a gradient of cell phenotypes across the dorso-ventral axis of the mesoderm and ectoderm during gastrulation.
Work in Drosophila and Xenopus (François et al., 1994; Sasai et al., 1994) has suggested that Dpp/BMP-4 antagonises Sog/Chd activity in establishing the dorso-ventral axis (reviewed by De Robertis and Sasai, 1996) . At present it is unclear where noggin function integrates in this pathway, but it is clear that establishing cell types along the dorso-ventral axis requires both dorsal and ventral signals. From work with Drosophila, the mode of action of Dpp is still unclear. In the Drosophila gastrula, Ferguson and Anderson (Ferguson and Anderson, 1992a,b) demonstrated that Dpp acts as a morphogen and we show in the zebrafish that BMP-4 has analogous activity. Although responses will be complicated by the diversity of TGF-b receptors (reviewed by Massagué et al., 1994) , interpretation of the dorso-ventral gradient of Dpp/BMP activity in the nucleus will probably involve the SMAD family of proteins (Graff et al., 1996; Hoodless et al., 1996; Liu et al., 1996) .
BMP-4 in the neural tube
Overexpression of BMP-4 inhibits neural induction during gastrulation, but during neurulation BMP signalling promotes the differentiation of a specific class of primary neurons. Expression and functional analysis in vitro have implicated BMP-4 and/or BMP-7 in promoting differentiation of neurons born in the lateral neural plate of chickens (Liem et al., 1995) . Our results in vivo in the zebrafish embryo agree with this conclusion. However, the increased numbers of Rohon Beard and trigeminal ganglion neurons were positioned normally and not distributed throughout the neural tube. This suggests that only cells of the lateral neural plate are competent to respond to BMP signalling and a prepattern exists which may involve the short-range relay signal Wnt protein which is expressed in the dorsal neural tube (reviewed in Nusse and Varmus, 1992) .
It is not clear whether patterning of the lateral neural plate is independent of the shh activity in the ventral spinal cord. The overexpression of BMP-4 resulted in loss of shh expression in the midline and consequently of isl1 expression in the motoneurons, probably due to the loss of axial mesoderm which is involved in ventral neural tube patterning (Yamada et al., 1991) . It remains to be determined whether long-range competition exists between BMP signalling from the dorsal neural tube and Shh signalling from the midline or whether each signal patterns local regions of the neural tube in the embryo.
Materials and methods

Maintenance of fish
Breeding fish were maintained at 28.5°C on a 14 h light/ 10 h dark cycle. Embryos were collected by natural spawning and staged according to Kimmel et al. (1995) . Live embryos were anaesthetised, mounted in 3% methyl cellulose, if required, and photographed.
Preparation of synthetic RNA and RNA injections
Synthetic RNA was transcribed from the following linearised templates: pSP64TXBMP-4 (Nishimatsu et al., 1992) , pSP64TXDBMPR (Northrop et al., 1995) , noggin5′D (Cunliffe and Smith, 1994) , non functional control receptor d50 (Amaya et al., 1991) and pSP64Tb-galactosidase (a gift from D. Wilkinson). Titration experiments were done with RNA from a single transcription reaction; subsequent experiments used the same amount of RNA. RNA concentration was determined spectrophotometrically. Capped RNAs were injected in a volume of about 200 pl into one cell of a 1-4 cell stage embryo.
Whole-mount in situ hybridisation
Single probe whole-mount in situ hybridisation was performed following the protocol of Thisse et al. (1993) . The antisense RNAs were synthesised with either digoxigenin or fluorescein label and hybridisation was carried out at 65°C. The appropriate secondary antibody was used, conjugated to alkaline phosphatase and detected with the BCIP-NBT (5-bromo-4-chloro-3-indolyl-phosphate, 4-nitro blue tetrazolium chloride) chromogenic substrates. Embryos were cleared in methanol, and rehydrated through PBS into 50% PBS/50% glycerol for photography. Double probe whole-mount in situ hybridisation was carried out following the method of Hauptmann and Gerster (1994) . Embryos were photographed in 50% PBS/50% glycerol.
